Highways passing through cities cause additional pollution inside the city. However, most of the current studies are using ground-based monitoring technologies, which make it difficult to capture the dispersion patterns of pollutants near elevated highways or transportation interchanges. The purpose of this study is to discover short-term three-dimensional variations in traffic-related pollutants based on unmanned aerial vehicles. The monitoring locations are at suburban elevated highway and transportation interchanges. The monitoring parameters include the particle number concentration (PN), particle mass concentration (PM), and black carbon (BC). The vertical profiles showed that most air pollutants increased significantly with the height of the elevated highways. Compared with the ground level, PNs increased by 54%-248% and BC increased by 201%. The decline rate of particle concentrations decreased with the increase of height and remained stable after 120 m. Furthermore, the R 2 heatmap for regressions between each altitude showed that the linear relationship between 0-120 m was higher than that of other altitudes. In horizontal profiles, PNs spread to 100 m and then began to decline, BC began to decay rapidly after 50 m, but PMs varied less. After crossing another highway, PNs increased by 69-289%, PMs by 7-28%, and BC by 101%. Furthermore, the formation of new particles was observed at both locations as PN 3 increased with distance within 100 m from the highway. This paper fills in the void of three-dimensional in situ monitoring near elevated highways, and can help develop and refine a three-dimensional traffic-related air pollution dispersion model and assess the impacts of transportation facilities on the urban environment.
Introduction
Air pollution is a major environmental challenge in urban areas [1] . Ambient particulate matter pollution will increase mortality and morbidity and has become one of the leading four risk factors contributing to death in China [2] [3] [4] . In highly populated urban areas, traffic is a major local source of ambient air pollution [5] . Congested traffic conditions also exacerbate air pollutant emissions from vehicles in highly populated cities, especially since many of these vehicles move around continuously looking for parking spaces [6] . The main emissions of vehicles are ultrafine particles (UFPs) with an aerodynamic diameter of 0.25 to 2.5 µm. The emissions of traffic-related air pollutants are close to the human respiratory zone and seriously threaten human health. Furthermore, the size of the particles in the ambient air affects the amount of particles inhaled by humans and the distribution of these particles in the human body [7] . Fine fractions of particles related to road traffic emissions will cause adverse health effects [8] . Besides, black carbon (BC) is also a typical traffic-related pollutant and may have short-or long-term effects on human health [9, 10] . Therefore, this study mainly investigates the number and mass concentration of 0.3-10 µm particles and the mass concentration of BC below 880 nm.
UFPs and other vehicle emissions are higher near highways but drop to the background within a few hundred meters [11] . The factors affecting the variation gradients include traffic conditions, temperature, relative humidity, topography, wind direction and speed, atmospheric stability, and mixing layer height [12, 13] . UFP is very light, so it is often considered to be consistent with the diffusion characteristics of gaseous pollutants. At present, there are many methods to study the diffusion of roadside pollutants, including the vehicle-based mobile platform, fixed monitoring stations, and portable devices. Vehicle-based mobile platforms are usually equipped with on-board high time resolution air monitors and drive on the road at a very low speed to measure traffic-related pollutants. The measurements based on the mobile monitor platform are mainly taken on urban roads to investigate the attenuation gradients on the ground and the effect of urban street canyons [14] . The highest pollutant concentrations were observed within 0-50 m near the road [15, 16] using the mobile platform, but the distance-decay gradients varied with traffic and meteorology. However, vehicle-based mobile platforms have many limitations, such as self-sampling and abnormal high values while stopped at traffic lights and stop signs. In addition, they are confined to the ground level and the road, which makes it impossible to obtain measurement data above the ground and in off-road areas. The fixed monitoring stations near the road are usually used for long-term observations and mainly to characterize temporal changes at one site or to compare different sites. A study monitored at 150 m away from an urban road [17] showed that roadway traffic contributes only 12-17% of the total PM 2.5 roadside concentration. Concentrations of UFP, as well as other primary vehicular emissions, were elevated during traffic rush hours [18] , reflecting ultrafine direct exhaust emissions. Another study [19] set two devices 1m away from a bus stop and 10 m away from the highway, and the result indicated that the particle number concentrations (PN) between 0.5 and 1 µm near the highway were higher than those at the bus stop. The fixed monitoring devices are deployed at fixed intervals away from the road to obtain attenuation information [20] . However, the mobility of this method is insufficient, and most devices are limited to the ground and to mobile monitoring. Furthermore, it is expensive to set up the fixed monitoring stations. Some studies use portable devices to measure the pollutants while walking or cycling [21, 22] , for pedestrian pollution exposure assessment and street canyon research. However, walking measurement is more susceptible to human influence such as breathing and resuspension of particles during walking, thereby reducing the accuracy of the measurement. At the same time, it is affected by the walking speed of the person, and the range of measurement is smaller than that of the vehicle-based mobile platform. Therefore, in order to develop a three-dimensional knowledge of the pollutants in the air, test the location effects of three-dimensional patterns, and provide data to develop and validate the roadside dispersion model, a monitoring method with good mobility and no self-generated pollution is needed, such as unmanned aerial vehicle (UAV) based monitoring. Battery-powered multirotor UAVs are characterized by high efficiency, good mobility, and the lack of emissions while flying. With portable devices appropriately installed on the UAV, it is maneuverable and can collect air quality data in areas where conventional methods are difficult to reach [23] . Based on the UAV platform, the pollution maps can be constructed and the high concentration hotspots can be discovered [24] . It can find the most polluted areas with a higher coverage within the time bounds defined by the UAV flight time [25, 26] . UAVs can offer high-resolution spatiotemporal sampling, which is not possible or feasible with manned aircrafts [27] . The three-dimensional monitoring of the air quality data can help improve the performance and accuracy of the model and simulation.
Although some published studies have made important contributions to our understanding of the variations of air pollutants near the highway, the knowledge of three-dimensional air quality data above the ground is still missing. At present, studies on air pollutant variations near the highway are mostly confined to the ground, and the results show that 100 m away from the road, the concentrations decrease to background concentrations [28] . However, the investigation of whether the elevated highway has the same dispersion law above the ground is still lacking. Measuring the variations in pollutant gradients in close proximity to a highway can help develop three-dimensional patterns of the pollutants in the air, test the location effects of three-dimensional patterns, and provide data to develop and validate the roadside dispersion model. To fill the void of three-dimensional in situ monitoring of roadside air pollution, this paper investigates the variation of air pollutants near elevated highways with different road configurations for one of the main urban pollutants, particulate matter, by measuring three parameters: PN, particle mass concentration (PM), and BC.
Materials and Methods

Study Area Description
The experimental site is located in Dezhou, northwest of Shandong Province, China. There are 19 expressways in Dezhou, including the Beijing-Shanghai Expressway (G2), the Beijing-Taiwan Expressway (G3), etc. Until the end of 2018, there were a total of 4485.38 km of highways in Dezhou (excluding village roads, Shandong Provincial Bureau of Statistics, http://www.stats-sd.gov.cn/). The highway selected for the experiment is the G3 in eastern Dezhou, which overlaps with the G2 while passing through Dezhou. There are two lanes in each direction with a speed limit of 100-120 km/h, and the average daily traffic volume is 717-1317 vehicles/hour. In order to study the dispersion of pollutants above the ground near the elevated highways under different road configurations, the two selected locations were Laojianhe, at the south of Dezhou, and Shuniu, at the north of Dezhou (Figure 1 ). Laojianhe is located in the suburban area of the city, surrounded by a small number of residential areas and no large industrial parks. However, in Shuniu, G3 intersects the Binde Expressway (S12), forming an interchange hub, and the national highway G104 (also used as the north outer ring of Dezhou) runs parallel to S12. S12 is an elevated highway above G104. At the same time, due to the convenient transportation at Shuniu, there are a large number of industrial parks around it, including chemical plants, ceramic factories, and material factories. The distance between Laojianhe and Shuniu is 10.4 km. 
Data Collection
The experiment used the DJI M600 UAV equipped with portable sensors to monitor the air quality. The placement of the instruments and fly routes of the UAV are shown in Figure 2a -c. The intake pipes were Teflon tubes, which can improve the sampling accuracy, and the inlets were placed in the windward direction, higher than the propellers, to avoid the potential influence. The wind tunnel experiment showed that inlets placed this way are the most effective [29] .
Flight modes include both vertical and horizontal. The vertical flight of 0-500 m was carried out at two locations. In order to avoid airflow interference and reduce the systematic error, the UAV hovered at different heights for 1-2 min and then took the average value to represent the concentration of the point. Horizontally, the flight route extended in the two directions perpendicular to the road, at the height of the highway elevation. The flying height at Laojianhe was 6 m, and the farthest distance away from the highway was 700 m (Figure 2b ). In Shuniu, the flying height was 10 m, parallel to the height of the G3 elevation. Because there is another highway in this position, the flight route was first perpendicular to G3 and then diagonal, 45 • across S12 (Figure 2c ). At the same time, during the two experimental campaigns, the traffic volumes and composition were recorded using the DJI M200 UAV with high definition camera and infrared camera and then manually counted (Figure 2d The same pollutants were measured at two experimental sites, including PNs of the six size segments (0-0.3 µm, 0.3-0.5 µm, 0.5-1 µm, 1-3 µm, 3-5 µm, and 5-10 µm), PMs of the three size segments (1 µm, 2.5 µm, and 10 µm), and BC (880 nm). To achieve the above monitoring objectives, the DustTrak DRX Aerosol Monitor 8534 [30] was used to measure the PMs, the TSI AeroTrak Handheld Particle Counter 9306 was used to measure the PNs [31, 32] , and the Magee Scientific microAeth Model AE51 was used to measure the BC [30] . The technical parameters of each instrument are shown in Table 1 . Before the experiment, all the equipment was compared with the standard equipment from the state control monitoring station for 24 h to obtain the correction factor ( Figure 3 ). The comparison between the portable equipment and the state control monitoring station showed a good correlation (R = 0.97 for PM and 0.88 for BC). The AeroTrak 9306 and DustTrak 8534 were zero-calibrated before use, and the AE51 was inspected for the attenuation (ATN, which scales from 0 to 100) of the transmitted light (wavelength: 880 nm) prior to use to determine if the filter membrane needed to be replaced. The equipment was turned on for 10 to 20 min before each flight for preheating, and the measurement was not started until the reading was stable. The measured meteorological parameters were temperature and relative humidity. The other hourly weather data used in this paper comes from the public library of the state control monitoring station (https://www.aqistudy.cn/), including wind speed and direction and weather conditions ( Figure 1c ).
The experiment was conducted in two campaigns, in winter and spring, to investigate variations in pollutants in different seasons. The first experiment was carried out from 28 December 2018 to 3 January 2019 with colder temperatures, clear skies most of the time and a shallower mixing layer. At that time, Dezhou still used central heating, which further increased the degree of pollution. The second experiment was carried out from 27 February 2019 to 1 March 2019. At that time, the temperature rose, the diffusion conditions gradually improved, and the central heating ended. Besides the meteorological conditions, the vegetation and pollutant characteristics were also different in both campaigns, giving a wide range of scenarios to be studied. Since the background concentration was not measured separately, there was also a lack of measurement of PN data in monitoring stations in China. Therefore, the minimum value of the concentration in each flight was extracted as the background value to eliminate its influence. After determining the background concentration of each flight separately, we subtracted the background concentration from the measured concentration at all measurement points of the flight to obtain the certain concentration after removing the background concentration. The outliers were removed using the 3σ rule. 
Results and Discussion
During the whole experiment, 17 flights (12 at Laojianhe, 5 at Shuniu) were carried out, 88 sets of available concentration data records for PN, 48 for PM, and 99 for BC, were collected.
Meteorological and Traffic Flow Characteristics
Firstly, statistics of meteorological factors and traffic flow were calculated to distinguish the difference in different seasons. The average temperature in winter in Dezhou was 6.38 • C lower than that in spring and the peak temperature in winter was 1 h earlier than in spring. Humidity was basically the same in winter and spring. Meanwhile, the average wind level was 1.35 in winter and 1.63 in spring, which indicates that the diffusion conditions in spring were better than in winter. In winter there was mainly northeast wind and in spring southwest wind. In addition, there was no precipitation during the entire monitoring period. According to the counting results of the videos, the traffic volume in winter was 717-1317 veh/h and in spring 793-1107 veh/h. Since the vacation time of China New Year's Day in 2019 was from 30 December 2018 to 1 January 2019, the traffic volume of highways during the holiday increased 3%-5% [33] . As a result, passenger car traffic increased sharply on 29 December. There was little change in winter and spring traffic. In addition, when analyzing the thermal image video, it was found that the tires of large trucks tend to have a significantly higher temperature than those of ordinary cars. Since tire wear is also one of the sources of particulate matters in the air [34] , this phenomenon also indicates that large trucks will induce higher emissions. To verify whether the data was statistically different, a non-parametric hypothesis test was used to check for statistical differences. The results show that there was no significant difference (p > 0.05) in temperature and wind speed at the two locations. Only the relative humidity was different.
Spatial and Temporal Variations of Air Pollutants
The statistical description of the different locations was calculated (Table 2) . Generally, the air pollutants at the transportation interchanges (Shuniu) were all significantly higher than at the suburban area (Laojianhe). The reason is that the traffic volume in Shuniu is larger, and the road structure is more complicated. Before and after entering the intersection, the traffic flow will go through uphill slopes, take sudden turns, and then go downhill. At the same time, the general speed limit of the ramp is 40 km/h, and that on the road is 120 km/h. The vehicles have to break before entering the ramp, and the wear of the brake and tire are one of the main sources of particles [35, 36] . The results of the non-parametric hypothesis test showed that, except for PN 0.3 , other pollutants confirm the assumption that there are statistical differences between the two locations. Therefore, it can be considered that the main reasons for the differences in the pollutant concentrations at the two locations are factors other than meteorological parameters, such as traffic composition, volume, speed, density, and the surrounding built environment. 
Vertical Variation
The vertical profiles (Figure 4 ) have removed the background concentration. As can be seen from the figure, some vertical profiles have large fluctuations. At 120 m above the ground, the PN 5 , PN 10 , and PMs ascended suddenly at Shuniu, and the increment at 10 µm was the most obvious, while BC did not increase. The measurement periods of Shuniu's two voyages correspond to a heavily polluted stage in Dezhou, and the PM 10 of the state control monitoring station was as high as 225 µg/m 3 . Therefore, it is speculated that there was a polluted air mass passing over the area, composed mainly of coarse particles, which caused the large fluctuations in PN 10 and PM 10 .
Most air pollutants had a significant increase in altitude at the height of the highway. The statistical results show that, at 6 m-10 m above the ground, compared with the ground, PNs increased by 54.10%-247.95% and BC increased by 201.33%. This reflects the increase of pollutants on the highway at the same height, and this phenomenon was more obvious in winter due to the worse diffusion conditions. Furthermore, the finer particulate matter, the increment became more obvious, and the PN 10 almost did not show any difference. In addition, the increase in the spring from 0 to 30 m was more obvious, and a significant increase could be observed in PN 0.3,0.5 , PM 1,2.5 , and BC. There was a significant decrease in the concentrations of all the air pollutants, as the height above the ground increased. The decline rate decreased gradually with the increase of height and remained stable after 120 m. The standard deviation of the concentrations at 0-120 m was 0.6%-23.9% higher than that at 120-500 m, indicating that the concentration remained unchanged after 120 m. Different pollutants have different vertical profiles. The attenuations for PN 0.3 -PN 3 , PM 1 , PM 2.5 , and BC were more obvious. The coarse particles were more likely to be removed by dry deposition, and the variations were more stable, except for some abnormal values. The finer the particles, the more pronounced the attenuation with height. The attenuation of PN 10 and PM 10 was hard to notice. The reason is that the coarse particles are mainly formed by mechanical grinding and crushing activities, and can be removed faster by gravitational settling [17] , while UFPs with less than 1 µm are emitted by the combustion sources, including traffic. PM variations were not as significant as PN changes with traffic because the vehicle-related particulate matter emissions were mainly UFPs with a slight weight, and hence not obvious in terms of mass concentration. Our results are consistent with other studies [37] showing that PMs and PNs do not always reflect road traffic emissions, that BC levels are proportional to traffic-related gaseous pollutants (such as CO, NO 2 , and NO), and that BC is directly related to traffic emissions and not affected by other particulate sources, as dust outbreaks and soil resuspension.
In order to further explore the gradient variations of air pollutants at different altitudes, a linear regression of concentration changes at every two altitudes was carried out, and the regression result R 2 was plotted on the heatmap ( Figure 5 ). When slope = 1, the variation rate of the two altitudes was basically the same; < 1 indicates that the rate of change at a higher altitude concentration was lower than that at a lower altitude, and vice versa. As can be seen from Figure 5 , the correlations for linear regression between 0-120 m were higher than others. Between 0-120 m, PN 0.3 -N 1 had higher R 2 , indicating that the linear relationship between the two adjacent heights was stronger. Among them, 0-30 m had higher R 2 in all PNs (except PN 10 ), which means the concentration at 0 m had a good linear correlation with that at 30 m. The slope of the regression equation approached 1, suggesting that when the concentration at 0 m varied, the value at 30 m would have a similar variation. However, as the particle size increased, the change rate decreased gradually. The PN 3 -PN 5 regression shows that the concentration increment of 30 m was smaller than the ground increment, indicating that the correlation between adjacent heights decreased with the increase of particle size. The variations between other altitudes were smaller than that of the ground. This also confirms the previous conclusion that the concentration of pollutants next to the highway has a significantly high value, but its maximum impact altitude was around 120 m in our experiment. PN 0.3 -PN 1 had highly linear relationships in both adjacent altitudes (diagonal). As the end altitude increased, the correlation gradually decreased. The correlation of PN 10 was higher in the regression when starting at 0 m, 60 m, and 120 m. Although it was not obvious in the analysis of the vertical profiles, almost all the profiles showed an increasing trend at the height of 60 m-120 m. The slope was 2.7, which means that when the concentration at 60 m changed, the variance at 120 m was 2.7 times higher. Similar patterns were found in PM 1 and PM 2.5 , but the changing rate was lower. The change of BC was different from that of PNs and PMs. The correlation between 0 m and a higher altitude was higher, and the slope was around 1, which was consistent with the above mentioned conclusion that BC is more related to traffic emission.
Horizontal Variation
The variation of all pollutants in all horizontal voyages is displayed in Figure 6 . Because background concentrations were removed, there was little difference in concentration level between the two locations. Generally, almost all pollutants were higher at the roadside and then decreased with the increment of distance. The attenuation distance was 200 m in Shuniu and 100 m in Laojianhe. However, the abnormally high concentration values were observed at both locations. At Laojianhe, all pollutants expect PN 0.3 had a high concentration 200 m east of the highway, which was due to a biological forage company that produces particles and dust during the biofeed fermentation process. 300 m to the west, there is an automobile repair and accessory industrial park which contributed to the abnormally high concentration. At Shuniu, there were high concentrations of almost all PNs 200 m to the east, indicating the emissions were from enterprises and urban roads. Furthermore, 400 m to the east, PNs were even higher, which was due to the biomass combustion activities (resident heating, cooking, etc.) from a nearby village. After excluding other additional sources, it can be concluded that the PNs usually spread to 100 m and then began to decline, which is similar to what was reported in previous studies [12, 15, 20] . Among them, due to the formation of new particles in traffic-related particles, PN 0.3 gradually increased within 0-100 m and could last up to 200 m. The attenuation of PN 1 -PN 5 was more prominent. Differently, BC began to decay rapidly after 50 m. On January 3 at Laojiange, the concentration was highest but attenuated rapidly by 85% at around 50 m east of the highway and remained basically unchanged afterward, unlike that of PNs, which did not decay to the background level until 200 m. The wind direction has a significant influence on the diffusion of pollutants. In spring, both sides of the highway were monitored so that the influence of the wind could be explored. At Laojianhe, the wind speed was 2 m/s and came from the southwest. Thus, the western side of highway was affected by an upwind direction (the negative direction in Figure 6 ). The PNs in the upwind direction remained basically unchanged and decreased slightly 200 m away from the highway. However, in the downwind direction, PN 0.3 -PN 1 were 66%-381% higher than the upwind at 100 m, but there was no significant difference between the coarser particles. The PM 1 /PM 2.5 ratio in the upwind direction was much lower than in the downwind direction, implying that PM 1 represented a significant portion of PM 2.5 near traffic sources [38, 39] .
After crossing another highway, the concentration of each air pollutant increased significantly. At Shuniu, during the experiment, the wind came from the southwest. According to the aforementioned experimental scheme, the horizontal direction was eastward, perpendicular to G3, and the diagonal direction was to the northeast. In the diagonal direction, 0-300 m was between G3 and S12, and after 400 m, it crossed S12 and continued to fly forward in the same direction as the wind. Therefore, the PNs in all sizes, from 0 to 300 m, were gradually attenuated, with a decrease of 35-81%. However, at 400 m, the PNs increased by 69-289% when compared with the values measured at 300 m, with PN 10 increasing the least. Similarly, the PMs increased by 7-28%, and BC increased by 101%.
The formation of new particles was observed at both locations, almost always within 100 m of the roadside. PN 0.3 at Shuniu in winter and at Laojianhe in spring increased with distance, indicating that traffic will affect the formation of new particles in the ultrafine particle size through nucleation. At Laojianhe, PN 0.3 was lowest at the roadside and then gradually increased with the variations in Shuniu in winter. Because the formation of new particles was mainly less than 20 nm [40] , the concentration increased with distance only in PN 0.3 . In these two voyages with new particle formations, although the temperature varied significantly with the seasons, the relative humidity was not much different and was lower than in all other voyages. Previous studies [41] have also shown that in the case of low humidity, strong solar radiation, and low rainfall, new particle formation is more likely to occur, further verifying the conclusion.
Different pollutants showed different decay variations, and BC was the most affected by traffic, followed by PNs and PMs, which is consistent with the above analysis. In winter, at Laojianhe, the BC concentration at 4:00 p.m. on 30 December 2018 was significantly higher than that at 3:00 p.m., but decreased by 49% to the same level at 3:00 p.m. 100 m east of the highway. This further shows that BC can clearly reflect the variations of the traffic-related pollutants.
Conclusions
To fill in the void of three-dimensional in situ monitoring of air pollution near roads, this paper investigated the variation of air pollutants near elevated highways with different road configurations. Based on the UAV air monitoring platform, the vertical and horizontal profiles near the elevated highway were measured. The field experiments showed that almost all the pollutants dropped to the background level after 100 m horizontally, which is consistent with former studies [15, 16] , but at Shuniu, with a more complicated road configuration, the distance extended to 200 m, and the general pollution level was also higher than at Laojianhe, a suburban area with a single elevated highway. Different road configurations have important effects on the diffusion of traffic-related air pollutants, and road configurations must be taken into consideration to estimate traffic-related pollution exposure more accurately. Here are some major findings:
1.
The vertical profiles showed that PNs and BC had significant increases at the height of the elevated highway, i.e., 6 m-10 m above the ground, which has been neglected in the previous ground-based studies. Compared with the ground, at the elevated highway altitude, PNs increased by 54%-248% and BC increased by 201%.
2.
There is a significant decrease in the concentrations of all the air pollutants as the height above the elevated highway increases. The decline rate decreases gradually with the increase of height and remains stable after 120 m.
3.
The R 2 heatmap for the linear regressions between every altitude showed that the linear relationship between 0-120 m was higher than the others. As the altitude increases, the relationship gradually weakens, and between 0-30 m the R 2 is higher in all PNs (except PN 10 ).
4.
In the horizontal profiles, almost all pollutants were higher at the roadside and then decreased with the increment of distance. PNs spread to 100 m and then began to decline, BC began to decay rapidly after 50 m, but PMs showed less variation.
5.
The wind direction has a significant influence on the diffusion of pollutants. After crossing another highway, PNs increased by 69-289%, PMs by 7-28%, and BC by 101%, indicating that the traffic emissions have a huge impact on the air quality above the highway, especially on UFPs. 6.
The formation of new particles was observed at both locations, as PN 3 increased with distance horizontally, and almost always within 100 m of the roadside. 7.
Different pollutants showed different decay variations horizontally and vertically, and BC was most affected by traffic, followed by PNs and PMs. This is consistent with the previous studies.
However, the dataset in this study is relatively small. To improve the accuracy of the exposure estimates of near-road pollutants, further monitoring of changes in pollutant gradients along the highway should be added to sample multiple times in different contexts (e.g., several periods during the year). Furthermore, three-dimensional distribution patterns of air pollutants should be studied to help validate and enhance roadside emission dispersion models. 
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